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Travel-time tomography reveals the presence of highly heterogeneous seismic velocity structures around the
source areas of the 2004 Chuetsu and 2007 Chuetsu-oki earthquakes. A prominent low-velocity zone present
below the Moho under the source areas of the two events is probably formed by ﬂuids being conveyed through
a small-scale upwelling in the mantle wedge. A low-velocity zone distributed in the lower crust below each
source area is attributable to ﬂuids supplied from the uppermost mantle to the source area. Since this region with
these two source areas is exceptional in that the low-velocity zone is distributed in the uppermost mantle but no
Quaternary volcanoes are formed at the surface, a relatively large amount of ﬂuids may be stored below the source
areas. These localized ﬂuids may have reduced the strength in the lower crust as well as in the fault zones in the
upper crust and, consequently, have promoted a brittle failure in the seismogenic layer. Relocated hypocenters
of aftershocks of the two events become several kilometers shallower than the original locations determined by
the Japan Meteorological Agency, suggesting the importance of using the three-dimensional velocity model in
locating the hypocenter.
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1. Introduction
The Chuetsu-oki earthquake (M 6.8) occurred in the
Chuetsu region of Niigata Prefecture, Japan, on July 16,
2007 (black star in Fig. 1) and caused serious damage to
the surrounding area. The Chuetsu earthquake (M 6.8) oc-
curred in the same region—approximately 30 km to the
southeast—in 2004 (gray star in Fig. 1), and four after-
shocks of magnitude 6 or greater followed the main shock.
Kato et al. (2005) and Okada et al. (2005, 2006) reported
that the seismic velocities in a hanging wall are lower than
those in a footwall in the source area of the 2004 event
and argued that aftershocks are distributed around the clear
boundary between low and high velocities. Wang and Zhao
(2006) found a zone with a pronounced low velocity and
high Poisson’s ratio in the lower crust of the source area of
the 2004 event.
The important point to be addressed here is that both
earthquakes occurred in a zone of high strain rates—the
Niigata-Kobe Tectonic Zone (NKTZ) (Sagiya et al., 2000).
Nakajima and Hasegawa (2007a) revealed the existence of
low-velocity zones in the lower crust and uppermost man-
tle along the NKTZ, but any discussion of velocity struc-
tures around the source areas of the two events was difﬁ-
cult because the region is located at the edge of their study
area. We therefore estimate three-dimensional (3D) seismic
velocity structures of the crust and uppermost mantle in a
wider region around the source areas and discuss unique
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features of the source areas in terms of seismic velocity
structures.
2. Data, Methods, and Resolution Tests
We performed two tomographic inversions with a differ-
ent grid spacing to estimate large-scale heterogeneities in
the upper mantle and small-scale ones around the source ar-
eas of the two events. In both inversions, we used the 3-D
tomography method of Zhao et al. (1992a) taking into ac-
count crustal discontinuities (Zhao et al., 1992b) and the up-
per boundary of the Paciﬁc slab (Nakajima and Hasegawa,
2006).
In the ﬁrst inversion, high-quality P- and S-wave arrival
times generated from 4,772 earthquakes that occurred dur-
ing between January 2001 and July 2007 were used (Fig. 1).
Arrival times for these earthquakes were manually picked at
473 seismograph stations, and 401,633 P- and 249,870 S-
wave arrival times were obtained. Grid nodes with a spacing
of 0.2◦ in the horizontal direction were set up in the model
space to express large-scale velocity structures (Fig. 2(a)).
Vertical grid nodes were set at depths of 0, 5, 10, 25, 40,
60, 80, 100, 120, 140, 160, 180, 200, 230, 260, and 300 km.
A simpliﬁed 1-D velocity structure used routinely by the
JapanMeteorological Agency (JMA; Ueno et al., 2002) was
adopted as an initial P-wave velocity model with a constant
Vp/Vs value of 1.73. The root mean squares (RMS) of the
arrival-time residuals for the initial model, 0.29 s for P-
waves and 0.48 s for S-waves, were reduced to 0.20 s and
0.34 s, respectively, after four iterations.
In the second inversion, we used the arrival times of
3,183 aftershocks of the 2004 Chuetsu earthquake picked at
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Fig. 1. Locations of the 2004 Chuetsu (a gray star) and 2007 Chuetsu-oki
(a black star) earthquakes. Hypocenters and seismograph stations used
in the ﬁrst inversion are shown by crosses and reverse triangles, respec-
tively. Colors represent the depth of the hypocenters.
(a)
(b)
Fig. 2. Map view of the conﬁguration of grid nodes adopted in the (a)
ﬁrst and (b) second inversions. White stars denote the epicenter of the
2004 Chuetsu and 2007 Chuetsu-oki earthquakes. Gray squares in (b)
represent temporary stations used in this study (see Okada et al., 2005,
2006, for details).
56 temporary stations within the source area (Fig. 2(b)) and
50 permanent stations located in the wider area in addition
to the dataset used in the ﬁrst inversion. This dataset is the
same as that used by Okada et al. (2006) and offers a better
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Fig. 3. Results of checkerboard resolution tests of P- and S-waves in the
(a) ﬁrst and (b) second inversion for two representative depth layers.
Depth of the layer is shown at the left top corner of each ﬁgure.
ray coverage around the source area of the 2004 Chuetsu
earthquake and surroundings. We set ﬁner grid nodes of
a horizontal spacing of 0.1◦ down to a depth of 25 km in
and around the source areas of the two events (Fig. 2(b)).
To improve the resolution of the velocity images in the mid
crust, we also set grid nodes at a depth of 15 km. The 3-D
velocity model obtained by the ﬁrst inversion was adopted
as an initial model, and velocity structures only in the region
shown in Fig. 2(b) were estimated. The total number of
rays intersecting the study area was 153,762 and 126,181
for P- and S-waves, respectively. The RMS of the arrival-
time residuals were reduced to 0.12 s for the P-wave and
0.26 s for the S-wave.
We conducted checkerboard resolution tests (CRTs) for
the two inversions following Nakajima and Hasegawa
(2007a). Figure 3(a) shows the results of the CRTs of the
ﬁrst inversion at depths of 40 and 80 km. Checkerboard pat-
terns were well recovered at both depths beneath the land
area, even though the resolution of the S-wave is slightly
lower in the western part of the study area. The results
of the CRTs show that regions beneath the land area show
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good resolutions down to a depth of approximately 140 km.
Figure 3(b) shows the results of CRTs of the second inver-
sion in the mid to lower crustal layers (15 and 25 km depth,
repsectively). The resolution is relatively good under the
source areas of the two events as well as under surround-
ing regions, showing the reliability of characteristic velocity
structures (discussed in following section).
3. Results and Discussion
The seismic velocity images show the existence of a
highly heterogeneous structure around the source areas of
the two events. Figure 4(a) and (b) shows that low-velocity
anomalies are distributed along the volcanic front and in
the back-arc side at a depth of 40 km. In particular, a clear
image is obtained of a distinct S-wave low-velocity zone
with a width of approximately 50 km that extends from
the source areas of the two events to the southwest. Low-
velocity zones at a depth of 40 km are generally correlated
spatially with the distribution of Quaternary volcanoes, but
the source areas of the two events are exceptional regions in
that a prominent S-wave low-velocity zone exists in the up-
permost mantle but no Quaternary volcanoes are distributed
at the surface. The absence of Quaternary volcanoes sug-
gests the possibility of the occurrence of renewed or hidden
magmatic activity below the region.
Figure 4(c) shows a vertical cross section of S-wave ve-
locity perturbation along the line in Fig. 4(b). A promi-
nent inclined low-velocity zone is distributed in the man-
tle wedge from a depth of approximately 150 km in the
back-arc side to a depth of 40 km beneath the volcanic
front. This low-velocity zone is a characteristic feature of
the mantle wedge in northeastern (NE) Japan and is consid-
ered to an important determinant of arc magmatism (Zhao et
al., 1992a; Nakajima et al., 2001; Hasegawa and Nakajima,
2004). Interestingly, a distinct low-velocity zone below the
Moho under the two source areas appears to be isolated
from that identiﬁed beneath the volcanic front, and a sub-
vertical low-velocity zone exists at depths of 80–150 km
immediately below it. A similar low-velocity zone was also
found by Wang and Zhao (2006). It is inferred that this sub-
vertical low-velocity zone is a small-scale mantle upwelling
through which melts are probably conveyed to the upper-
most mantle under the two source areas. As the sub-vertical
upwelling is also observed in the mantle wedge of central
Japan, the subduction of the Philippine Sea slab (Nakajima
and Hasegawa, 2007b) and/or the change in the strike of
the Paciﬁc slab beneath central Japan may have affected the
ﬂow pattern in the mantle wedge and caused a small-scale
mantle upwelling.
Results of the second inversion show smaller-scale het-
erogeneities in and around the source areas (Fig. 5). An im-
portant point to be noticed is the existence of a low-velocity
anomaly in the lower crust under each source area; this is
connected to the low-velocity zone in the uppermost man-
tle. The low-velocity anomaly below the source area of the
2004 event is partly pointed out by Wang and Zhao (2006).
One simple interpretation of this low-velocity anomaly is
compositional variations in rocks: hydrous rocks, such as
amphibolites or hornblende gabbro, can account for a low-
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Fig. 4. (a) P-wave and (b) S-wave velocity perturbations at a depth
of 40 km. Large and small red triangles represent active and Quater-
nary volcanoes, respectively. White stars denote epicenters of the 2004
Chuetsu and 2007 Chuetsu-oki earthquakes. A gray broken curve rep-
resents the location of the volcanic front. (c) Vertical cross section of
S-wave velocity perturbations along the proﬁle shown in (b). Crosses
and white circles showmicroearthquakes and deep low-frequency earth-
quakes relocated with the 3-D velocity model within a 10-km-wide zone
along the proﬁle. Black bars and red triangles on the top denote the land
area and active volcanoes, respectively. Black curves in (c) denote the
Moho and the upper interface of the subducting Paciﬁc slab adopted in














































Fig. 5. Vertical cross sections of (a) P-wave and (b) S-wave velocity
perturbations along the proﬁle shown in (c). Crosses denote earthquakes
relocated with the 3-D velocity model within a 2-km-wide zone along
the proﬁle. Note that earthquakes plotted in ﬁgures include smaller
earthquakes that are not used in the inversion. Black curve denotes
the Moho discontinuity adopted in the inversion. (c) Comparison of
hypocenters relocated with the 3-D velocity structures (red crosses) with
those in the JMA catalogue (black crosses).
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interpretation is possible, we consider that the existence of
ﬂuids beneath the two source areas is a more plausible cause
of the low-velocity zone in the lower crust because mag-
matic ﬂuids can be supplied from the upper mantle to each
source area through the sub-vertical upwelling in the mantle
wedge. The high heat ﬂow (Tanaka et al., 2004) and high
3He/4He ratios (Sano and Wakita, 1985) observed around
the source areas support our interpretation.
Previous tomographic studies have shown that low-
velocity zones exist below the source areas of large crustal
earthquakes, including the 1995 Kobe earthquake (Zhao et
al., 1996) and the 2004 Chuetsu earthquake (Okada et al.,
2006; Wang and Zhao, 2006). Our study reveals, for the
ﬁrst time, the existence of a low-velocity zone even un-
der the source area of the 2007 Chuetsu-oki earthquake.
These observations appear to support the model proposed
by Hasegawa et al. (2005) that the existence of ﬂuids in the
lower crust and uppermost mantle may have reduced the
strength there, which in turn could promote a brittle failure
in the seismogenic layer.
We relocated aftershocks of the two main shocks with the
3-D model developed here. Estimated errors in focal depths
are about 1–2 km. Relocated hypocenters become approx-
imately 5 km shallower for aftershocks of the 2007 event
and several kilometers shallower for those of the 2004 event
than those in the original catalog by the JMA (Fig. 5(c)).
The underlying reason for this relocation is the existence of
a thick sedimentary basin formed as a back-arc rift basin
associated with the opening of the Sea of Japan (e.g., Sato,
1994). The 3-D velocity structures are essential in deter-
mining the accurate locations of aftershocks in this region.
4. Conclusions
The results of this study successfully elucidate the major
features of the complex velocity structures below the source
areas of the 2004 Chuetsu and 2007 Chuetsu-oki earth-
quakes. They reveal that the region including the source
areas of the two events is exceptional in that a prominent
S-wave low-velocity zone exists in the uppermost mantle
without Quaternary volcanoes at the surface. A relatively
large volume of magmatic ﬂuids might be stored around
the source areas. A low-velocity zone imaged in the lower
crust below each source area is probably attributable to ﬂu-
ids conveyed through a small-scale mantle upwelling gen-
erated in the back-arc side. These observations suggest that
the existence of ﬂuids under the source area of large crustal
earthquakes plays an important role on anelastic/elastic de-
formation in the seismogenic layer. It is hoped that the re-
sults obtained herein will contribute towards a better under-
standing of the stress-accumulation processes in the source
area of the two large earthquakes.
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